Abstract The 2014 M w = 8.1 Iquique (Pisagua), Chile, earthquake sequence ruptured a segment of the Nazca-South America subduction zone that last hosted a great earthquake in 1877. The sequence opened >3700 surface cracks in the fore arc of decameter-scale length and millimeter-to centimeter-scale aperture. We use the strikes of measured cracks, inferred to be perpendicular to coseismically applied tension, to estimate the slip distribution of the main shock and largest aftershock. The slip estimates are compatible with those based on seismic, geodetic, and tsunami data, indicating that geologic observations can also place quantitative constraints on rupture properties. The earthquake sequence ruptured between two asperities inferred from a regional-scale distribution of surface cracks, interpreted to represent a modal or most common rupture scenario for the northern Chile subduction zone. We suggest that past events, including the 1877 earthquake, broke the 2014 Pisagua source area together with adjacent sections in a throughgoing rupture.
Introduction
Understanding the spatial distribution of coseismic slip is crucial for placing an earthquake in tectonic and societal contexts, as it allows for comparison with records of strong ground motion [Graves, 1998 ], preseismic coupling [Loveless and Meade, 2011; Moreno et al., 2010] , and the distribution of postseismic processes including the aftershock sequence [King et al., 1994] , afterslip on the source fault [Evans and Meade, 2012; Miyazaki et al., 2004] , and viscoelastic relaxation [Hearn et al., 2002; Pollitz et al., 2000] . The proliferation of local and global seismic and geodetic observing systems has permitted high-resolution estimation of the static and dynamic rupture processes, often in near real time.
We present here the first estimation of a coseismic slip distribution based on field observations of surface deformation features produced by an earthquake sequence, inferring the rupture of the 1 April 2014 M w = 8.1 Pisagua, northern Chile, earthquake and its 3 April M w = 7.7 aftershock from >3700 small-scale cracks breaking the surface of the northern Chile fore arc [Scott et al., 2016] . While mapping the distribution of surface rupture along a source fault has complemented geophysical studies of continental earthquakes such as the 2010 El Mayor, Mexico, [Gold et al., 2013] and 2003 Bam, Iran, [Fielding et al., 2005] events, the coseismic cracks we use as constraining data are located ≥50 km from the rupture zone of the Pisagua earthquake sequence, representing secondary deformation in response to coseismically generated stress changes. Crack orientations vary on a spatial scale similar to the rupture length of the earthquakes in the sequence [Scott et al., 2016] and provide diagnostic information about the patterns of coseismic slip. The fresh cracks opened by the Pisagua earthquake sequence reactivated existing fractures and are similar to long-lived structures throughout the northern Chilean fore arc. The Pisagua cracks provide evidence that a single earthquake is capable of generating permanent deformation in the fore arc. Furthermore, this deformation represents but an increment of the accumulated strain that region-wide cracks record over a nearly million-year time scale [Baker et al., 2013] , which we interpret as indicating repeated opening due to a most common or modal rupture pattern of great earthquakes [Loveless et al., 2009] . Thus, the fresh cracks not only provide information about the stresses imposed by the 2014 earthquake sequence but also allow us to interpret this sequence in the context of long-term subduction zone seismicity.
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Estimated Slip From Coseismic Surface Cracks
The March-April 2014 Pisagua earthquake sequence consisted of a foreshock sequence, M w = 8.1 main shock, and aftershock sequence including the M w = 7.7 event [González et al., 2015] , and it represents the first great earthquake along the "Iquique Gap" segment of the Andean subduction zone since 1877. The sequence generated thousands of decameter-scale length, millimeter-to centimeter-scale aperture open cracks in the fore arc. We measured the location and orientation of more than 3700 such fresh surface cracks, the vast majority representing reactivation of preexisting fractures, at 72 localities in the fore arc of northern Chile [Scott et al., 2016] ; we did not comprehensively sample the apertures or lengths of these structures. The spatial distribution and orientation of these cracks were documented during field campaigns carried out 2 weeks, 6 weeks, and 3 months after the earthquake sequence. As such, though we refer to cracks as being formed coseismically, we cannot rule out the possibility that cracks represent deformation from the immediate postseismic period. We use the cracks as indicators of coseismically applied tension arising from the slip process on the underlying subduction zone interface. Specifically, we assume that static tension acted in a direction normal to crack strike in order to cause coseismic opening, although locally, cracks display evidence of some oblique opening.
Based on comparison with the orientation of static principal strain axes estimated from coseismic GPS displacement gradients, we selected a subset of crack sites to constrain the slip distribution of the M w = 8.1 main shock. Thirty-one crack populations, representing a total of 1787 individual cracks, are attributed to the main shock based on the similarity between site-averaged strike and trend of the minimum principal extension direction from the geodetic strain analysis, in which principal strain axes are calculated on a grid of 10 km spacing by inverting [Cardozo and Allmendinger, 2009] the GPS data using a 50 km distance weighting factor [Scott et al., 2016] . At 27 sites, cracks show similarity with strain axes calculated from coseismic displacements related to the M w = 7.7 aftershock, which we use to estimate the slip distribution for that event. At 14 sites, cracks have an average strike that differs from both the main shock and the M w = 7.7 aftershock strain axes by >50°. Cracks at these sites are subparallel to regional fault scarps, and thus, we attribute their formation as associated with topographic focusing of seismic waves [Scott et al., 2016] .
We interpret the angular agreement between the crack strikes and principal strain axes as indication that the same static stress field is responsible for generating geodetically observed coseismic displacements and causing opening of the cracks. We use the strain axis-based selection of crack populations attributed to the main shock and aftershock described above only to discriminate subsets of data used to estimate the slip distribution of these events, but it is important to note that we use neither the geodetic displacements themselves nor the derived strain as formal constraints in the crack-based estimation of slip.
Estimation Methodology
Linear elastic dislocation theory establishes a first-order relationship between slip on modeled fault surfaces and displacement, strain, and stress throughout homogeneous elastic half-space. We use this theory to describe how slip on the Nazca subduction zone interface, represented using triangular dislocation elements (TDEs) capable of capturing along-strike and downdip geometric complexity as expressed in the U.S. Geological Survey Slab 1.0 model [Hayes et al., 2012] , generated static stress changes in the fore arc where coseismic cracks are observed. We calculate the partial derivatives [Meade, 2007] relating unit strike and dip slip on the subduction zone TDEs to the full stress tensor at each crack site then transform each stress tensor into a local coordinate system, with axes (1) parallel to mean crack strike at the site, (2) parallel to dip (vertical), and (3) normal to the mean crack attitude. Each locality is assigned a normal stress magnitude proportional to the spatial density of observed cracks. We use this suite of projected normal stresses to estimate the distribution of subduction interface slip, separately for the main shock and aftershock, subject to Laplacian smoothing to regularize the underdetermined problem [Desbrun et al., 1999] , with weighting proportional to the nominal resolving capability of the crack data [Loveless and Meade, 2011] ( Figure S3 in the supporting information). Uncertainties on the projected normal stresses are proportional to the standard deviation of the suite of measured crack strikes at each location, under the assumption that cracks with uniform orientation and hence small variance better constrain the direction of applied stress. We use MATLAB's constrained linear least squares optimization and impose constraints on slip in the dip direction to ensure reverse motion and limit strike-slip motion to ±1 m, yielding estimated coseismic slip at a high angle to the subduction trench, consistent with the azimuth of relative plate motion [Angermann et al., 1999] .
Geophysical Research Letters
10.1002/2016GL070284
Stress Magnitude Scaling
The magnitude of estimated slip is linearly related to the magnitude of stress inferred to have generated the cracks. Spatial variation in this stress magnitude is poorly constrained by the cracks, and as such, we focus on using the spatial distribution of site-averaged crack strikes to constrain the gradient, rather than the absolute magnitude, of coseismic slip. However, to facilitate comparison with independent estimates of the coseismic slip distributions, we uniformly scale the stress magnitude at each crack site so that the estimated slip distribution yields an earthquake of M w = 8.1-8.2 for the main shock and M w = 7.6-7.7 for the aftershock ( Figure S1 ). The uniform scaling factor is determined by taking the median of the crack-perpendicular normal stress magnitudes calculated at all sites using a point source approximation of each earthquake, with parameters based on the event's entry in the Global Centroid Moment Tensor catalog [Dziewonski et al., 1981; Ekström et al., 2012] . We assume that crack density, calculated as number of cracks at a particular site normalized by the maximum distance between the site centroid and the site's individual cracks, is proportional to normal stress magnitude to constrain the rupture area and gradient of coseismic slip, and so we multiply the point source median stress by the crack density value to give the stresses used in the slip inversion (Table S1 ). We also test inversions using (1) uniform stress at all sites, and stress magnitudes proportional to (2) number of cracks at each site and (3) number of cracks normalized by the site area, and we find similarities among these estimated slip distributions.
Coseismic cracks may be generated by both static and dynamic stress, the latter associated with the passage of seismic waves. Our estimation method for coseismic slip makes the inherent assumption that the static stress is representative of the stress that generated cracks, supported by the agreement between static principal strain axes derived from coseismic GPS displacements and observed crack strikes. While principal stress axis orientations vary through time as seismic waves pass through the fore arc, simulations of dynamic stress for past Andean subduction events [Loveless et al., 2009] suggest that the temporal distribution of principal stress orientation is tightly clustered around the predicted static stress direction. However, the presence of the free surface, near-surface material properties, and topographic focusing of static and dynamic stress, which are not considered here under the assumption of a homogeneous elastic half-space, likely influence stress magnitudes and spatial density of cracks. Both the Pisagua coseismic cracks and longer-lived cracks distributed throughout the northern Chile fore arc represent data sets well suited for future exploration of the roles these rheologic and topographic factors play in generating near-surface deformation.
Evaluating Goodness-of-Fit
We evaluate the goodness-of-fit of the estimated slip distributions by first calculating the full stress tensor at each constraining crack site as predicted by the estimated slip distribution then comparing the trend of the most compressive principal horizontal stress axis (σ 1 ) with the site-averaged crack strike. This comparison implies a horizontal σ 3 axis perpendicular to crack strike and hence in the direction of crack opening. The goodness-of-fit varies as a function of how heavily the Laplacian smoothing operator is weighted in the slip estimation ( Figure S1 ). The slip distribution shown in Figure 1a reflects a compromise fit to the crack orientation data and coseismic GPS displacements ( Figure S1a ), which were not used as formal constraints on the slip estimation. For this main shock model, the average angular error, representing the absolute value of the angle between the mean crack strike and σ 1 trend, across the constraining crack sites is 12.9°, and the angular error at 64% of sites is less than the standard deviation of crack strikes observed at the site. More generally, the observed regional-scale pattern of crack strike variation is mimicked by the principal stress orientations predicted by the model (Figure 1a) , with northeast strikes and trends south of the main slip region and northwest orientations to the north. The preferred aftershock slip distribution (Figure 1b) fits the constraining crack strikes with an average angular error of 17.9°, with errors at 48% of sites less than the standard deviation of strikes.
Comparing Crack-Based Slip Distribution to Other Estimates
In addition to evaluating the goodness-of-fit of our crack-based coseismic slip estimates to the constraining data, we compare the slip distributions to estimates made from GPS, interferometric synthetic aperture radar, strong motion, teleseismic, and tsunami data Duputel et al., 2015; Gusman et al., 2015; Hayes et al., 2014; Liu et al., 2015; Schurr et al., 2014; Yagi et al., 2014] . For the main shock, the crack-based 2 m slip contour shows spatial overlap that from with other estimates, while the peak slip is located around 70.9°W,
Geophysical Research Letters
10.1002/2016GL070284
19.5°S, northwest of that derived from other data sets (Figure 2a) . For the aftershock, we find peak slip occurring south of the main shock, consistent with previous estimates [Hayes et al., 2014; Schurr et al., 2014] (Figure 2a) , though the 1 m slip contour and peak slip location are located~25-50 km south of those of other estimates. Estimation of subduction interface slip from crack orientations is affected by the same geographical bias as that from geodetic data sets: we have no offshore observations directly overlying the region of greatest subduction zone slip ( Figure S3 ).
To formally compare the spatial correlation of the crack-based main shock slip distribution with estimates made from other data sets (specifically, An et al. Figure 2b ). That is, the crack-based slip estimate is as similar to previously published slip distributions estimated from geodetic, seismic, and/or tsunami data as most of these estimates are to each other.
As another means of testing the compatibility between the crack-based slip distribution and other data measuring coseismic deformation, we use our estimated main shock slip to calculate [Meade, 2007] predicted coseismic displacements at regional GPS stations. These predicted displacements show generally good agreement with the spatial pattern of observed coseismic motion; our predicted GPS displacements have a mean residual magnitude of 2.4 cm (Figure 3) . Displacements predicted by our model are smaller in magnitude than the observations and have azimuths that are, on average between 18°S-22°S, rotated~15°clock-wise from the observed vectors. This is consistent with the location of a concentration of our estimated slip to the northwest of slip distributions constrained by geophysical data, including GPS displacements (Figure 2a) . Onshore, bars are oriented parallel to the mean strike of observed coseismic cracks at 31 field sites and are colored by the azimuth difference, defined as the absolute value of the angle between mean observed strike and forward prediction of crack strike at these sites, given as maximum principal compression direction (σ 1 ). Gray lines show σ 1 axes at gridded locations to illustrate the regional trend in predicted crack strikes. (b) Slip distribution for the 3 April M w = 7.7 aftershock, estimated using the mean strike of observed coseismic cracks at 27 field sites, with symbols as in a. Inset map shows study area and Andean subduction trench. Figure S1 shows the azimuth differences for each event at all 72 sites where coseismic cracks were observed.
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Though the crack strike data could be combined with geodetic observations in a joint inversion for coseismic slip, we choose to present here only the crack-based estimates. Using the cracks alone highlights an independent means of estimating slip from geologic data. While the crack data may provide unique information to a joint inversion, the nonuniqueness involved in weighting multiple data sets in such an inversion may cloud the relationship between slip and permanent deformation that we present in this paper.
Relationship Between Fresh and Existing Cracks
Many cracks formed during the Pisagua earthquake sequence are within existing weathered cracks, 
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having exploited weaknesses already present in the crust [Scott et al., 2016] that were likely generated by thousands of past earthquakes [Baker et al., 2013; Loveless et al., 2009] . Nonetheless, the consistency between the static stress directions predicted by our geologically constrained inversion for the 2014 Pisagua events and those constrained by geodetic, seismic, and tsunami observations, reflecting the similarity in the estimated slip distributions (Figure 2) , indicates that the Pisagua earthquake sequence produced stress capable of reopening existing cracks. That is, even if preexisting cracks were oriented oblique to the coseismically induced stress, the Pisagua event must have imposed sufficient coseismic tension normal to crack strikes to cause opening of fresh fissures. While field evidence of lateral offset suggests some nonorthogonal opening of Pisagua earthquake cracks [Scott et al., 2016] , the relative proportion of shear and opening is unknown, and so we assume that tensile stresses dominated crack reactivation. The misfit between observed mean crack strikes and predicted static σ 1 axes (Figure 1 ) therefore inherently reflects both model prediction error as well as our assumption that the cracks truly are mode 1 fractures. The systematic clockwise rotation of our predicted GPS vectors relative to the observations (Figure 3 ) may suggest that the strikes of measured cracks are not aligned with the true coseismically imposed σ 1 directions: if the actual coseismic stress field arose from a slip distribution more consistent with the GPS data than that constrained by the crack strikes, fresh cracking must have included a component of shearing in addition to opening.
Implications for Past and Future Iquique Gap Earthquakes
More than 50,000 measured surface cracks similar to those attributed to the 2014 Pisagua earthquake sequence are present in northern Chile and southernmost Peru [Baker et al., 2013; Keefer and Moseley, 2004; Loveless et al., 2009 Loveless et al., , 2005 , which we have interpreted as geologic records of accumulated damage due to thousands of subduction zone earthquakes [Loveless et al., 2009] over 100 kyr time scales [Baker et al., 2013] . We hereinafter refer to these as "imagery-mapped cracks," as we have documented the majority of them with high-resolution satellite imagery, with field-based ground-truthing of select sites revealing that some cracks penetrate tens of meters into bedrock.
We use our estimated Pisagua main shock slip distribution to calculate the predicted principal stress directions at the imagery-mapped crack sites for comparison with the observed strikes [Loveless et al., 2009] . The average azimuth difference between the predicted σ 1 axes and observed site-averaged crack strikes is 54.6° (Figure 4b ), suggesting that the strikes of any individual imagery-mapped cracks reopened by the 2014 earthquake deviate substantially from the mean strike at these sites. In other words, only the most favorably oriented subset of imagery-mapped cracks was reactivated. The obliquity between observed orientations and our predicted stress field may also suggest that imagery-mapped cracks could have been affected by tensile stress to cause the opening, as well as crack-parallel shear stress.
Using a similar methodology to this study, we estimated a long-term slip distribution using the imagerymapped crack strikes [Loveless et al., 2009 ] that can be interpreted as a modal slip distribution, reflecting the most common slip pattern that would induce stresses capable of repeatedly opening the observed cracks (Figure 4) . The imagery-mapped cracks reflect episodes of repeated opening, documented by observations of vertically laminated salt deposits on bedrock crack walls [Loveless et al., 2009] . Under the assumptions that cracks are reactivated by coseismically imposed stresses and that the cracks most favorably aligned with the most frequently imposed principal tension axes will have an obvious surface expression evident in satellite imagery, we interpret the slip distribution estimated based on imagery-mapped crack strikes [Loveless et al., 2009 ] to represent the most common, or modal, slip pattern on the northernmost Chile segment of the subduction zone.
We focus on the area north of 22°S latitude, where the spatial density of imagery-mapped crack populations resolves better the modal coseismic slip than to the south, though strong interseismic coupling inferred from geodetic observations between 22°and 24°S [Bejar-Pizarro et al., 2013; Métois et al., 2013; Schurr et al., 2014] hints at impending great earthquakes along that segment as well. Modal slip is spatially consistent with estimated interseismic coupling [Schurr et al., 2014] north of~21°S, with the along-strike extent of a concentration of coupling similar to that of large magnitude modal slip (Figure 4a ). This agreement suggests that the future earthquake hazard implied by strong coupling is similar to a great earthquake slip pattern estimated from the imagery-mapped cracks, which reflect the accumulated fore-arc deformation from thousands of plate boundary events.
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Subtracting our estimated slip distribution of the 2014 Pisagua earthquake from the modal slip distribution provides an interpretation of remaining earthquake potential on the northernmost Chile segment of the subduction zone ( Figure 4c ). As in the case of the Pisagua earthquake, there is uncertainty in the magnitude of slip estimated from the regional-scale distribution of cracks; Loveless et al. [2009] scaled the estimated modal slip distribution to a maximum of 8 m to yield a moment magnitude consistent with historical estimates of Iquique Gap events (M~8.5-9.0) [e.g., Comte and Pardo, 1991] . Under that assumption, we find that the Pisagua earthquake locally mimics the proposed longer-term pattern (Figure 4c ) but leaves open the possibility of future great earthquakes to the south of the 2014 source region, consistent with the suggestion of Hayes et al. [2014] . The rupture area of the 2014 earthquake sequence is smaller than that estimated for the 1877, but proposed epicenters and magnitudes of other historical earthquakes, including the 1615 (70.5°W, 19.5°S, M~7.9), 1833 (71.0°W, 19.0°S, M~7.4), and 1869 (70.2°W, 19.6°S, M~7.4) events [Comte and Pardo, 1991] , are more consistent with rupture of a smaller portion of the northern Chile subduction interface as occurred in 2014. In terms of future potential hazard, the close temporal spacing of the 1833 and 1869 earthquakes with the giant 1877 event suggests the possibility that an 1877-like rupture may occur in the coming decades despite-or perhaps associated with-the moment released in the 2014 Pisagua sequence. 
